A Si pitch grating has been exposed to a 6 keV C + ion beam at normal angle of incidence and at an angle of 42° parallel to the structure. Sputtering of the grating has been observed experimentally by Rutherford backscattering, the areal density of implanted C ions into the Si structure has been measured by nuclear reaction analysis. The bombardment has been simulated by the SDTrimSP-2D code at normal angle of incidence, as well as at angles of 42° parallel and perpendicular to the structure. The numerical simulations show reasonable agreement with experimental results. Significant differences in Si sputtering and implantation of C ions parallel and perpendicular to the structure indicate an anisotropy effect, which could not be observed in the 1D
Introduction
Sputtering is an effect, which can be observed when energetic ions interact with a surface creating subsequent removal of target atoms [1] . Understanding of sputtering by gaseous ions is based on a large number of projectile-target combinations, which have been studied experimentally and by simulations; generally a good agreement has been observed in most cases [2] . In contrast, ions of non-volatile species do not leave the surface after penetration and deceleration; this process is called implantation. In this case implantation will produce mixed surfaces consisting of target atoms and projectiles and, in some cases, a deposition layer on top of the target surface consisting of decelerated projectile atoms [3] . The simulation of the interaction of non-volatile ions with a surface is a rather complicated problem, because the surface composition changes dynamically with fluence due to implantation and sputtering.
Presently existing numerical models are able to simulate a 1D surface, where the concentration of implanted species varies with depth. For example, a good agreement between simulation and experiment has been observed in [4] , where the implantation of C + ions in a tungsten surface has been investigated. The well-known TRIDYN code [5] has been used for simulation of erosion yields and depth profiles. It has been recently revised in order to provide a clear modular structure to allow also easier physics extensions by adding new modules. The revised version of the code has been named SDTrimSP [6] .
A new SDTrimSP code version being capable to simulate bombardment of a surface varying in 2 dimensions has been titled as SDTrimSP-2D [7] . This version allows to define a surface with variation not only as function of depth but also in one lateral dimension and model its evolution. A number of studies have been performed to validate this SDTrimSP-2D code comparing the simulation results with experiments from irradiation of a periodical Si pitch grating structure with Ar + [8] , [9] and C + [10] ions. In these experiments a Si diffraction lattice has been used as a target.
While results of simulations for volatile Ar + ions, which do not become implanted, were experimentally validated on both micro-and macro-scale, up to now the macroscopic parameters of the interaction of a non-volatile species (here C + ions) with a Si pitch grating have not been investigated yet.
In this work, macroscopic parameters of irradiation of a Si pitch grating with C + ions have been measured. The total erosion of Si has been measured using Rutherford back-scattering (RBS), while the areal density of implanted C atoms has been measured using Nuclear Reaction Analysis (NRA); both measurements have been performed in-situ as a function of incident fluence.
Experimental data were compared to results of simulations with the SDTrimSP-2D code, which was used previously in [10] to follow the evolution of the surface morphology. In this work, SDTrimSP-2D with the same input parameters as in [10] has been used to simulate total areal densities of elements, total sputter yields and reflection coefficient. Further simulations show anisotropy effects, which could be observed also experimentally at irradiation of a 2D surface: irradiation of the pitch grating at inclined angle of incidence both parallel and perpendicular to the grating structure leads indeed to different fluence dependent dynamics of sputter yield, reflection and implantation. These results complement our previous findings, in so far as the evolution of the surface morphology observed in [10] can now be correlated also to total sputter yields and areal density of implanted C atoms.
Experimental
The experiments were performed using the Dual-Beam Experiment facility at IPP Garching [11] . The Si pitch grating was exposed to a 6 keV C + ion beam, which has been generated by a Sputter ion beam system. The ion beam was mass-separated by a 30° bending magnet and focused on the surface of the grating with a 3 mm ion beam spot. The sample holder can be rotated, so the angle of incidence can be changed from 0 to 42°. The sample can be installed on the target holder in such a way that inclined bombardment can be performed parallel to the grating structure. The pitch grating and respective angles of incidence are shown in Figure 1 . The bombardment was performed at room temperature of the surface.
The Si pitch grating sample has been taken from the same set of samples as the ones used in [8] , [9] and [10] . Its period is 500 nm and the height is 200 nm, the deviation from these values is within 5-20 nm, as measured by scanning electron microscopy. The structure has been created on top of a Si wafer, covered with a Ta interlayer, which has been introduced for labeling purposes.
The cross-section of the pitch grating is shown in Figure 2 .
Sputtering of the pitch grating was observed by means of RBS at the Tandem accelerator at IPP Garching [12] . A 2.5 MeV 3 He beam at normal incidence was used. RBS analysis has been used to measure the Si areal density. The RBS detector was a solid-state detector with an energy resolution of 15 keV and a solid angle of about 1.58 msr at a scattering angle θ = 165°. The sample was oriented in such a way that the grating structure was parallel to the exit beam. At this geometry correlation effects, such as incidence through a valley and exit through a hilltop, do not play a role.
The areal density of implanted C has been measured using the nuclear reaction 12 C( 3 He, p 1 ) 14 N. The protons from the nuclear reaction were detected with a large solid angle detector at a reaction angle of 120°. The detector was covered with an absorber foil for the backscattered 3 He ions. A detailed description of sample arrangement and measurement procedures could be found in [11] .
The experimental procedure was as follows: after a first NRA and RBS analysis of the virgin sample the surface was sputtered by bombardment with a 6 keV C + ion beam. After this sputtering step, the sample was analyzed again by the MeV 3 He beam followed by another sputtering step. In the DBE installation sputtering and subsequent surface analysis can be performed in the same setup without breaking the vacuum. The diameter of the MeV analyzing beam was 1 mm, while the diameter of the 6 keV C + ion beam was ≈3 mm [11] .
Computer simulations of RBS and NRA spectra were performed using the code SIMNRA 6.50 [12] . RBS spectra of the grating structure are calculated by using a linear superposition of subspectra, as described in [13] . SIMNRA 6.50 allows usage of arbitrary layer thickness distribution functions supplied by an input file. Correlation effects, such as incidence through a valley and exit through a hilltop or multiple surface crossings, are neglected. This is a reasonable approximation for the sample orientation used in the experiments, as discussed before.
Computer simulations
The simulations have been performed by the SDTrimSP-2D code [7] . 6 keV C + ions have been Since the surface is a periodic structure in the lateral direction, periodic boundary conditions in this direction are used.
Results and discussion
The pitch grating has been exposed at normal angle of incidence and at inclined angle of 42° parallel to the grating structure. The areal densities of Si and C have been measured and simulated by means of the SDTrimSP-2D code. Therefore, the obtained results represent macroscopic characteristics of the interaction of C ions with the Si pitch grating structure.
The comparisons of the experimental data and simulation are shown in Figure 3 . Typically for this kind of experiments, the areal density of C atoms is growing due to implantation. The areal density of Si is decreased due to sputtering until the surface of the pitch grating is completely covered by a "layer" of implanted C atoms, which prevents further sputtering of Si atoms. For normal angle of incidence the simulation matches almost exactly the experimental result. As one can see in [10] , on the nanometer-scale level tops and valleys of the pitch grating are covered by layer of implanted C. No significant redeposition of C and Si is observed on the vertical walls of the grating.
Instead, the walls are the source for highest local sputtering yield. The thickness of the grating features decreases with the fluence because it appears to be the only location, where Si erosion occurs.
In the case of inclined bombardment, the simulated evolution of the Si areal density with bombardment fluence deviates from the experimental results. The erosion rate observed in the experiment is twice as high as that predicted by the model. This disagreement is typical for those angles of incidence, where erosion of the target is closely balanced by implantation of non-volatile ions. A similar effect has been observed at irradiation of W surface with 6 keV C + ions at an inclined angle in [14] , where the strongest disagreement between the experiment and modeling has been observed at an angle of 35°. At the same time, the simulation still accurately matches the measured implantation rate of C ions. On a nano-scale level, implanted C atoms replace sputtered Si atoms in the way that the level of the valleys does not change relatively to the Ta layer (see Fig. 6 in Ref.
[10]).
Experiment and simulation both include both systematic and statistical errors, which although small, in combination can explain the observed disagreement. The measured areal density of Si and C are accurate within about 5%, which is typical for RBS and NRA measurements. Although Si is difficult to be seen directly because it is on top of the Ta signal, the high-energy edge of the intermediate Ta layer is shifted by the Si layer on top, which is a very sensitive measure of the surface amount of Si. The error of the fluence measurement is expected to be smaller than 10% because experiment and simulation closely match for Si sputtering at normal incidence angle, as well as C implantation at normal and inclined incidence. Other factors related to experiment, which may contribute to the disagreement, are deviations of the actual surface profile from what has been used as input into the SDTrimSP-2D code and small contaminations of the pitch grating with carbon, which is observed as non-zero areal density of carbon detected by NRA prior to irradiation.
On the modeling side, the surface binding energies, which enter the simulation, vary from pure carbon (its surface binding energy depends on crystalline structure) to Si-C mixture. These factors appear to be negligible at normal angle of incidence. However, their contribution becomes significant at an inclined bombardment and produces the noticeable deviation between simulation and experiment.
The fluence dependent evolution of the surface sputtering yields for C and Si, as well as that of the reflection coefficient is shown in Figure 4 . The results have been obtained by simulations for the cases of normal angle of incidence and of bombardment at 42° incidence angle both oriented perpendicular and parallel to the 2D grating structure. The evolution of the macro-scale parameters of ion-surface interactions varies between normal incidence and incidence at inclined angles. Similar differences have also been observed in the 1D case. The 1D simulation obviously can not reproduce the different behavior of irradiation at the same inclined angle for different orientation of the incident ion beam relative to the pitch grating structure. The 2D simulation of the corresponding system clearly reproduces the anisotropy effect, which is determined by the geometry of the surface.
Comparing the simulations for 1D and 2D surfaces, one can see well expected differences. 2D structure introduces as an additional element the appearance of roughness, resulting in an increase of the sputtering yield of Si and a reduction of the reflection coefficient of C + ions due to redeposition.
One can see in Figure 4 that sputter yield and reflection coefficient for normal incidence is typically lower than for an inclined angle of bombardment. This is the expected behavior for ion sputtering in this energy range. However, there are additional significant differences for inclined irradiation of laterally non-uniform surfaces depending on the orientation of the surface towards the incident ions: for the grating morphology discussed in this study, the bombardment parallel to the grating structure produces always higher sputtering and reflection of incident ions. This can be explained well by the fact that redeposition of reflected C ions and sputtered atoms is higher, when the ions enter the surface perpendicular to the structure. The details of local ion-surface interactions at the pitch grating surface are discussed in [10] . It has been shown that a surface with pronounced 2D morphology provides opportunities for sputtered and reflected atoms to be re-deposited again;
such opportunity does not exist in case of 1D planar surface.
A local increase of the Si sputter yield for the case of perpendicular bombardment in the fluence range (700-1200)×10 15 cm -2 is particularly interesting, because it breaks up the monotonically decreasing trend due to implantation of C ions and covering of the structure with a C layer. The dynamic evolution of the Si sputter yield shows a local maximum in this fluence range;
such behavior cannot occur in the 1D case. The explanation for this anomaly is the local dynamics of ion-surface interactions on the nanometer-scale. As one can see in [10] (Fig. 9) , the inclined bombardment tends to produce a layer on the side of the surface elevation shadowed from direct ion impact while the ion exposed side is eroded. The dynamics of the ion-surface interactions in this fluence range leads for certain exposure conditions to increased exposure and, consequently, sputtering of the Si surface instead of monotonic increase of implantation and growth of C layer.
This opposite behavior depends purely on geometrical factors and manifests itself in corresponding changes of the dynamics of sputter yields and reflection at inclined bombardment perpendicular to the structure.
Conclusions
Si pitch gratings have been exposed to a 6 keV C + ion beam both at normal angle of incidence and at an angle of 42° parallel to the grating structure. The removal of Si atoms as a function of fluence has been measured by RBS, and at the same time, implantation of C ions has been measured by NRA in-situ. The obtained results have been compared to numerical simulations by the SDTrimSP-2D code. As previously shown for the case of volatile bombarding species, the comparison has confirmed that the SDTrimSP-2D code reproduces the macro-scale parameters of ion-surface interactions for a 2D structured surface, also for the case of non-volatile ions. Further simulations for macroscopic parameters have been performed for normal angle of incidence and inclined angles of incidence parallel and perpendicular to the investigated 2D surface structure. The simulations have revealed a strong influence of the surface morphology. This includes a strong anisotropy effect, with the sputtering at inclined angle of incidence varying between the cases of ion incidence parallel to the surface structure and perpendicular to the surface structure respectively. In addition one observes an increase of the Si sputter yield in a narrow fluence range. Both effects do not occur in a 1D system with planar surface. This investigation supplements our previous investigation [10] , where the SDTrimSP-2D code has been used for simulation of morphology evolution of 2D structures. In this previous study experimental uncertainties in fluence measurement at the particular location had prevented a full quantitative validation of the code at that time.
Figure Captions
Figure 1. Directions of ion incidence relative to the pitch grating structure: (a) -normal angle of incidence, (b) -incidence at an angle of 42° parallel to the structure and (c) -incidence at an angle of 42° perpendicular to the structure. 
